Introduction {#sec1}
============

It was recorded 400 years ago in the Ming dynasty in China that duck egg white, a protein-dense liquid, forms a transparent, edible gel when exposed to a high base and high salt material (eggs were traditionally covered with clay and wood ash)^[@ref1]^ ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}a). The Chinese word is transliterated as *pidan*, where "*pi*" means tough or rubber, and "*dan*" means egg. Pidan can be stored and used for years without rotting or noticeable degradation (hence one translation of the word pidan is "century egg" in English). In fact, pidan is so structurally stable that the preparation is a main ingredient in a traditional soup ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}b), in which the gelled egg structure remains intact and transparent after reaching boiling temperature. We recently showed that proteins in the squid lens form similarly thermostable, transparent equilibrium gels throughout a wide range of packing fractions via patchy-colloidal physics.^[@ref2]^ We hypothesize that, similar to the material found in squid lens, the gel formed from egg albumin in pidan may be at a thermodynamic minimum, and therefore the result of patchy-colloidal self-assembly physics similar to the processes evolved in the squid lens.

![Images of pidan and ovalbumin gelation. (a) Photograph of lab-made pidan, a traditional method for preserving eggs in alkaline solution. This treatment results in the egg white forming a transparent gel so stable that pidan is known as "century eggs" in English. (b) Traditional rice porridge with pidan. The pidan is cooked in the rice, and the egg white gel remains intact and transparent. (c) Gels formed from ovalbumin, the major constituent of egg white, in strong base and strong acid. Ovalbumin in 0.25 M NaOH solution immediately forms a colorless, transparent gel (left vial), whereas ovalbumin in 0.25 M HCl solution gradually forms an opaque gel (right vial). The inset of part c shows an imaging target behind the ovalbumin in 0.25 M NaOH, demonstrating the gel's high transparency.](oc-2018-00187f_0001){#fig1}

"Patchy colloid" physics is a general physical framework for understanding the thermodynamics and self-assembly of colloidal particles with anisotropic interactions.^[@ref3]−[@ref7]^ Applying patchy-particle physics to proteins provides an appealingly simple and physical picture in which the rich landscape of protein--protein interactions arises simply from the presence of anisotropic, attractive patches on the surface of proteins that otherwise experience repulsive interactions.^[@ref8]^ As a loose analogy, the polymers formed by actin proteins can be conceptualized as arising from monomers with attractive patches comprised of hydrophobic surfaces containing salt bridges, and flat, polar surfaces that interact repulsively, with the interplay between the two surface chemistries then assembling monomers into chainlike structures with flat surfaces.^[@ref9]^ If these familiar sorts of protein--protein attractive interactions are few in number and small in area on a single protein, but general between proteins in a system, "patchy" thermodynamics results. Patchy particles may therefore be a useful paradigm for gaining insight into protein-based self-assembly, since the theory describing the thermodynamics of these systems is relatively complete and advanced.^[@ref4],[@ref6],[@ref8]^ To date, patchy particles that assemble into self-limiting designed patterns have been designed and fabricated.^[@ref10],[@ref11]^ However, macroscopic, homogeneous, volume-spanning materials have not yet been prepared by these methods.

Theory predicts that patchy-particle systems exhibit novel physical phase behaviors, especially novel gelation properties.^[@ref12]−[@ref15]^ "Patchy" thermodynamics is distinct and distinguishable from isotropic colloidal interactions in the following ways. Thermodynamic interactions of particles with isotropic potentials may only form rigid, volume-spanning materials at extremely high packing fractions near the so-called jamming transition, where translational movement of particles becomes inhibited due to the high particle density of the system. At these high densities, a crystalline or glassy phase occurs. Crystalline phases are at or near true energy minima of a system like this, while glassy phases may be very far from equilibrium, but further particle movement is blocked due to mechanical entanglement. Therefore, noncrystalline organizations of isotropic colloids may only be rigid and volume-spanning if they are "arrested"; i.e., the particle organization may be very far from an equilibrium state, but it is impossible to move closer to equilibrium due to jamming. The qualitative sense that this degree of entanglement only occurs at very high particle densities is also reflected in previous physical descriptions.^[@ref16],[@ref17]^ To the extent that many mono- or oligodisperse protein solutions behave effectively like isotropic colloids in bulk,^[@ref18]^ the ability to engineer the bulk material properties of protein-based materials is limited by these thermodynamic phenomena; under these conditions, volume-spanning materials only form at high densities and with a limited number of specific geometries. For the characteristic energy of isotropic protein--protein interactions at room temperature, reducing the density of the system via dilution will result either in a complete solubilization of the original colloids, if the density is low enough, or in liquid--liquid phase separation, with some colloids becoming isolated in a sparse phase and some arrested clusters remaining in the dense phase. Because the clusters are arrested, it may be possible to mechanically break them into smaller pieces, but their density will not readily change.

In contrast, patchy-particle theory predicts how stable colloidal gels of very low packing fraction can form at equilibrium: Bianchi and colleagues showed that in the patchy-particle phase diagram, the spinodal line systematically moves toward a lower solute density with decreasing ⟨*M*⟩, or average coordination number of a system, leaving most of the region outside the spinodal line in a stable, liquid/gelled phase.^[@ref8]^ Previous work has shown that squid eye lens proteins, S-Crystallins, harness this patchy-particle phase diagram to form optically transparent gels over a large span of protein packing fractions (from 5% to nearly 100%), resulting in gradient index optics.^[@ref2]^ Our experimental work with the S-Crystallin system shows that reconstituted version of these materials will span macroscopic volumes, though in the animal, the gels are formed in cells of volume ∼10^--16^ L. Since these gels arising from anisotropic interactions form at equilibrium, and the area of the phase space that is unstable can be small, these systems can exist flexibly and stably at a wide range of densities. This is in contrast to the isotropic case where only very high densities can form rigid or gelled materials. Similarly, because thermodynamic properties of the system are determined by the average valence, many different particles comprising different bonding geometries can be employed in a single, stable composite, allowing the properties of the resulting material to be tuned via network topology.

Previous work on pidan showed that it is a transparent, elastic gel formed from a fine-stranded protein network.^[@ref19],[@ref20]^ Ovalbumin (molecular weight of 45 kDa, *pI* ≈ 4.5^[@ref9]^) is the most abundant protein in the egg white, composing about 55% of the total egg white proteins by weight,^[@ref21]^ and seems to be responsible for most of the structure observed in pidan gels. Eiser and colleagues found that, when treated with high pH, the egg albumen proteins lose structure to an unknown degree and aggregate into a network with local order.^[@ref19]^

Here, we used small-angle X-ray scattering (SAXS), dilution experiments, sequence analysis, and two biochemical assays of protein secondary structure (tyrosine absorbance and a dye-binding assay) to test the hypothesis that the Chinese century egg system is an additional natural example of proteins behaving as low-valence patchy particles that are therefore able to form volume-spanning equilibrium gels. Our results suggest that, for proteins in pidan, the partial loss of structure induced by strong alkaline conditions is associated with the formation of low-valence gels (average coordination number of about 2.2). We also found structural commonalities between the pidan system and the previously described squid lens system that allow us to generalize a set of structural features that seem to be important to realize general patchy-particle physics in protein-based systems. In particular, the anisotropic attractive patches seem to be realized by unstructured, unfolded polar loops in the protein structure, while the repulsive, hard-sphere-like interactions are encoded by a highly charged and folded protein core.

Results {#sec2}
=======

Chinese Century Egg and Ovalbumin Gel {#sec2.1}
-------------------------------------

After 2 weeks of treatment in 0.9 M sodium hydroxide and 0.5 M sodium chloride, or in 0.9 M sodium hydroxide alone, the albumen of fresh quail eggs became a transparent, gelled material, with a slight yellow pigmentation ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}a); there was no observable difference between the material that resulted from the preparation with or without sodium chloride. The appearance and texture was consistent with commercial pidan, which is traditionally prepared from duck eggs. These preparations were stable after 18 months of storage at 4 °C. The only apparent change in the material after this period was that the transparent yellow pigmentation darkened to transparent brown.

We also observed that solutions of purified ovalbumin protein (62 mg/mL) formed transparent, colorless gels when sodium hydroxide was added ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}c). The gelation behavior of this solution depended on the concentrations of both purified ovalbumin and sodium hydroxide in the preparation ([Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}). At low concentrations of sodium hydroxide (0.05 M), gelation never occurred, and at high concentrations (between 0.15 and 0.25 M), the preparation initially gelled but then reliquefied after a period of hours or days. At intermediate concentrations (0.05--0.15 M), the resulting gels were stable for up to 1 day on the bench, at which time they were discarded. In contrast to gels made from whole eggs, these pure ovalbumin gels were all transparent and colorless, and did not show any yellow pigmentation ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}c). We also explored the influence of sodium chloride on the gelation procedure, both to better understand the nature of protein--protein interactions during gelation, and to probe the purpose of sodium chloride in the original pidan formulation. Sodium chloride concentrations greater than 0.25 M prevented gelation, with the resulting solution remaining liquid after 1 day. With sodium chloride less than 0.25 M, gelation kinetics were slowed, but gels formed after a few minutes.

###### Gelation of 62 mg/mL (*Φ* = 5%) Solutions of Ovalbumin

  acid/base   acid/base concn (M)   NaCl concn (M)   pH                                      result       2 h later   1 day later
  ----------- --------------------- ---------------- --------------------------------------- ------------ ----------- -------------
  NaOH        0.05                  0                12.55[a](#t1fn1){ref-type="table-fn"}   liquid       liquid      liquid
  NaOH        0.075                 0                12.85[a](#t1fn1){ref-type="table-fn"}   gel slowly   gel         gel
  NaOH        0.1                   0                13.00                                   gel slowly   gel         gel
  NaOH        0.15                  0                13.26[a](#t1fn1){ref-type="table-fn"}   gel          gel         liquid
  NaOH        0.25                  0                13.40                                   gel          gel         liquid
  NaOH        0.5                   0                13.70                                   gel          liquid      liquid
  NaOH        0.75                  0                13.88                                   gel          liquid      liquid
  NaOH        0.1                   0.05             13.00                                   gel          gel          
  NaOH        0.1                   0.1              13.00                                   gel          gel          
  NaOH        0.1                   0.25             13.00                                   gel          gel          
  NaOH        0.1                   0.3              13.00                                   liquid       liquid       
  NaOH        0.1                   0.4              13.00                                   liquid       liquid       
  HCl         0.25                  0                0.60                                    white gel                 

measured pH.

Given that the original pidan preparation solution contains 0.5 M sodium chloride, but this salt concentration inhibits gel formation in a solution of pure ovalbumin, we measured the chloride ion concentration of pidan prepared from whole eggs in 0.9 M NaOH and 0.5 M NaCl. We found the chloride ion concentration to be 0.01--0.02 M, an order of magnitude lower than the concentration that causes gelation to fail. Therefore, while high salt concentrations do inhibit the protein--protein interactions that lead to gelation, in the traditional preparation of whole eggs in a bath, the salt concentration within the eggshell remains too low to inhibit the gelation process. Given that apparently identical gels also form when salt is excluded from the bath, the inclusion of salt in the traditional recipe for pidan seems to have more to do with salt being a nearly universal ingredient in food preservation processes rather than with salt's influence on the material behavior of the eggs.

In contrast, adding a similar concentration of hydrochloric acid into the same aqueous ovalbumin solution immediately resulted in formation of a white precipitate. This precipitate became increasingly viscous for the first few minutes after the addition of the acid. After ^1^/~2~ h, an opaque, white gel appeared in the tube ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}c).

Phase Behavior of Diluted Pidan Tissues {#sec2.2}
---------------------------------------

We measured the density of pidan and determined that it contains a protein concentration of 170 mg/mL, for an estimated ovalbumin packing fraction of 12%. We systematically diluted this original material in additional sodium hydroxide solution (pH = 12.90), resulting in a range of lower protein packing fractions from 0.8% to 6.4%. We then centrifuged this diluted material. Upon centrifugation, we observed the reformation of homogeneous, volume-spanning, transparent gels, but only in preparations in which the total protein packing fractions were greater than 4.5%. It is only possible to reform homogeneous materials at lower densities via dilution in the stable regime of a phase space; for colloidal materials, patchy-colloidal thermodynamics is the only regime in which this is possible at densities far from the jamming transition. Therefore, this result demonstrates that individual ovalbumin proteins in this preparation undergo highly anisotropic, structured attractive interactions in addition to a hard-sphere-like repulsion, and can be rationalized via the patchy-particle thermodynamic regime.

When protein packing fraction was less than 3.3%, we observed liquid--liquid phase separation of the system ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}). In the dilute preparations where liquid--liquid phase separation was observed, the packing fraction of protein in the resulting dense phase increased with the increase of the packing fraction of the system as a whole. The overall behavior of these ovalbumin gel preparations that are diluted past 3.3% is very similar to that of a colloidal clay system that was also shown to be patchy-colloidal in nature.^[@ref13]^ In contrast, as expected, dissolving ovalbumin in water at neutral pH resulted in a homogeneous, transparent solution of soluble protein monomers for all protein packing fractions \<3.3% (data not shown).

![Phase separation of pidan with decreasing protein packing fraction. We diluted pidan material from an initial packing fraction of 12% in increasing volumes of NaOH solution (pH 12.90). Photographs show the system through a range of packing fractions, with volume-spanning gels forming at packing fractions greater than 3.3% and liquid--liquid phase separation occurring at all packing fractions less than about 3.3%. Blue circles show the fraction of protein in the gelled or dense phase of the system as a function of packing fraction; the fraction of total protein forming the dense phase decreased with dilution of the system. This phase behavior is consistent with a patchy-particle system^[@ref13]^ but not with an isotropic colloidal system. A patchy particle (green circles) interacts with others via certain patches (yellow circles) on the surface.](oc-2018-00187f_0002){#fig2}

Small-Angle X-ray Scattering {#sec2.3}
----------------------------

The literature data for X-ray scattering from a solution of ovalbumin in PBS as a function of wave vector (*q*) (<https://www.sasbdb.org/data/SASDAL2>) were very similar to those of a calculated form factor considering the atomic positions of the crystal structure 1OVA^[@ref22]^ ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}). Both the literature data and an independent calculation of form factor from a crystal structure showed a flat intensity at *q* \< 0.08 Å^--1^. There was also a sharp decrease with increasing *q* at 0.08 \< *q* \< 0.2 Å^--1^, followed by peaks at *q* = 0.27 Å^--1^ and *q* = 0.5 Å^--1^ in both characterizations.

![Small- and wide-angle X-ray scattering (SAXS/WAXS) from egg white and ovalbumin, *I*(*q*) for all liquid and gel materials described in this study. Curves are as follows: blue curve, raw egg white; red curve, traditional pidan; green curve, boiled egg; dashed red curve, alkaline ovalbumin gel; dashed blue curve, ovalbumin from SASBDB; gray curve, ovalbumin form factor calculated from crystal structure 1OVA. Numeric labels show the log--log slope of those data for *q* \< 3 × 10^--2^ Å^--1^, providing an estimate of the fractal dimension of a material at length scales larger than a protein monomer. In pidan, the absence of the peak at *q* ∼ 0.25 Å^--1^ that is present in native ovalbumin suggests that the high-base treatment induces partial loss of protein secondary structure. The low-*q* log--log slopes of pidan and high-base ovalbumin at *q* \< 0.04 Å^--1^ (slope from −0.6 to −1.7) are intermediate between those of liquid egg white and an ovalbumin at neutral pH (\|slope\| ≪ 1) and boiled egg (slope ∼−2.3), indicating that pidan protein forms a network with large-scale structure with a lower fractal dimension than the gelled boiled egg material.](oc-2018-00187f_0003){#fig3}

We also measured scattering intensity as a function of *q* for two related protein solutions: raw egg white and ovalbumin in solution at neutral pH. Both of these solutions had very similar X-ray scattering to the ovalbumin form factor described above ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}). Each sample showed a very flat region at *q* \< 0.08 Å^--1^, and a sharp decrease as a function of *q* from 0.08 \< *q* \< 0.2 Å^--1^. At *q* = 0.27 Å^--1^, we observed local maxima for both the raw egg white and neutral ovalbumin solution that were similar to the prominent peak in the form factor at this value of *q*. These local maxima correspond to a *D*-spacing of 23 Å and result from the internal structure of ovalbumin protein. For neutral ovalbumin solution, there was an additional peak at *q* = 0.5 Å^--1^ that also corresponded to a major feature in the form factor.

When treated with strong base, both pidan and alkaline ovalbumin gels showed patterns in scattering intensity that were similar to each other but distinct from the protein solutions described above. Unlike the protein solutions, at low *q*, both pidan and alkaline ovalbumin gels showed a decrease in the X-ray scattering intensity with increasing *q* ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}). The slope in a log--log plot of *I*(*q*) for pidan was about −0.9 between 0.008 \< *q* \< 0.02 Å^--1^, while that of alkaline ovalbumin gel was −1.7. Between 0.03 \< *q* \< 0.15 Å^--1^, the scattering patterns of both pidan and alkaline ovalbumin exhibited shoulders at the *D*-spacing consistent with the size of an ovalbumin monomer (50 Å). At *q* \> 0.15 Å^--1^, neither pidan nor high-pH ovalbumin showed any prominent local maxima, as was also the case for the neutral protein solutions.

In contrast, *I*(*q*) for boiled egg white was distinct from both neutral protein solutions and the alkaline pidan and ovalbumin gels described above. At low *q*, the slope in the log--log plot for boiled egg between 0.008 \< *q* \< 0.02 Å^--1^ was −2.3. There was a shoulder in the range 0.03 \< *q* \< 0.15 Å^--1^, but the shoulder was much less pronounced than for pidan or high-base ovalbumin. At large *q*, there was no peak or local maximum in scattering intensity at *q* = 0.27 Å^--1^ ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}).

UV Absorption at Various Alkaline pH Values {#sec2.4}
-------------------------------------------

As a general assay of changes in protein structure of ovalbumin upon gelation, we characterized the oxidation, and therefore solvent exposure of tyrosine residues using UV--vis absorbance. The UV absorbance spectrum of ovalbumin solutions changed dramatically with increasing sodium hydroxide concentration ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}). When pH was between 8 and 10, we observed three peaks in the UV absorbance spectrum at 220, 230, and 280 nm, and a local minimum at 250 nm. The overall shape of the spectrum changed little throughout this pH range, and was also similar to the absorbance spectrum at neutral pH. However, as the pH of the system increased from 10 to 13, the absorbance peak at 220 nm disappeared; the peak at 280 nm shifted to 290 nm, and features in the spectra appeared at 242 and 250 nm.

![Tyrosine oxidation assay. (a) UV absorbance spectra of ovalbumin solutions in the pH range 10--14. Gray solid line shows the absorption spectrum of ovalbumin at neural pH. Gray dashed line shows the absorption spectrum of 2 M NaOH solution alone. Remaining spectra are color-coded in rainbow order with red lines indicating ovalbumin solution with pH ∼ 10 and violet lines indicating ovalbumin solution with pH ∼ 14. The absorbance at 250 nm is associated with tyrosine, and increases with tyrosine oxidation; the absorbance at 280 nm indicates tryptophan absorbance. A dramatic, nonlinear change in ovalbumin structure, as indicated by tyrosine oxidation, occurs between pH 12.3 and pH 13.0. (b) Parameter α~prot~/α (tyrosine oxidation per protein molecular weight) as a function of pH; α~prot~/α indicates the number of tyrosines exposed relative to the average molecular weight of the protein. Tyrosine oxidation is unchanged from the native state, but undergoes a sharp increase between pH 12.25 and 12.5. Pidan formation occurs between pH 12.5 and pH 13. There is a slower increase in tyrosine oxidation from pH 13 to pH 13.5, where it appears to reach a maximum. At pH greater than 13.5, ovalbumin gels slowly degraded, perhaps due to cleavage of the protein backbone.](oc-2018-00187f_0004){#fig4}

Using the method of Melo and colleagues,^[@ref23]^ we used these changes in the absorbance spectrum with pH to estimate the fraction of tyrosines in the protein structure that become deprotonated and therefore exposed to solvent as a function of pH; this parameter is (α~prot~/α) ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}b). When the pH of the system was less than 11, α~prot~/α was \< 0.1. When pH increased from 12.3 to 13, α~prot~/α increased dramatically from 0.1 to a maximum of 1.2, observed when the pH was greater than 13.

Estimates of Ovalbumin Structure {#sec2.5}
--------------------------------

We used DAMMIF to estimate a real-space configuration of amino acids consistent with the inverse-space data in the function *I*(*q*) ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}). This prediction showed a 4 × 4 × 6 nm cluster of amino-acid-size particles, which is roughly the size of one ovalbumin molecule. This cluster had two parts, a cylinder of about 4.5 × 3 nm and a cone-shaped part of about 3.5 × 5 nm, with an angle of about 90° separating these domains.

![Estimation of the secondary structure of ovalbumin in pidan. (a) b-factors of 1OVA (transparent surface), highlighting tyrosines (filled spheres). Arrow indicates the tyrosine with a b-factor one standard deviation lower than the average tyrosine in 1OVA. This residue is likely the one most buried from solvent exposure. The ribbon structure of 1OVA is shown to the right. (b) Isolated β-sheet structure of ovalbumin. The left image shows the surface, and the right shows the ribbon structure. 1OVA contains eight β-strands forming two β-sheets. The most stable tyrosine (shown as spheres colored by b-factor) is located at the closest point of contact between these two sheets. (c) Multiple views of the β-sheet structure of ovalbumin (surface) superimposed with a numerical prediction of the protein structure of pidan gels (green and yellow spheres). Each rotation represents 90° around the axis indicated. Green spheres show regions that overlap well with the β-sheet structure of ovalbumin, which may serve as the hard core of a patchy particle. Green and gray surfaces are the regions of the native protein structure predicted to remain folded, and to unfold, respectively. Regions of numerical prediction that do not overlap with crystal structure are shown in yellow; these areas are also predicted to be disordered and potentially sites of general polar, attractive interactions. (d) WAXS *I*(*q*), characterizing structure internal to a protein, of raw egg white (blue curve), pidan (red curve), and a calculated form factor of only the β-sheet structure from native ovalbumin (1OVA, gray curve). WAXS of pidan is intermediate between that of the native protein and the isolated β-sheet of the native protein, suggesting that the native protein undergoes a partial unfolding leaving the β-sheets and little additional structure in the pidan conformation.](oc-2018-00187f_0005){#fig5}

The native ovalbumin structure consists of several α-helical segments folded around a β-sheet core.^[@ref22]^ We considered the hypothesis that only the core β-sheet structure of the ovalbumin fold is maintained after high-base treatment, a result that is also consistent with previous experimental analyses of this system for which the degree of unfolding upon gelation was ambiguous^[@ref19]^ ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}). We therefore visualized the β-sheet-only structure in the 1OVA structural model of the protein, and observed an "L" shape with a size of about 3 × 4.5 × 4.5 nm. The dimension of one leg of the "L" was about 2 × 3 × 4.5 nm, and the other leg was about 3 × 3 × 4 nm, with the angle between them ∼90°.

We calculated a form factor for the isolated β-sheet structure at the core of native ovalbumin in order to predict how this structure, in the absence of other defined structure, might scatter at high values of *q* in a SAXS experiment ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}d). At *q* \> 0.2 Å^--1^, both this calculated β-sheet form factor and the experimental scattering data for ovalbumin at high pH are nearly featureless. In contrast, the X-ray scattering of native ovalbumin shows two prominent peaks at *q* = 0.25 and 0.6 Å^--1^.

Congo Red Binding Assay of Secondary Structure {#sec2.6}
----------------------------------------------

Utilizing shifts in the absorption peak of the dye Congo red (CR) when bound to protein secondary structure, we assayed the relative proportion of protein surface area with secondary structure to surface area composed of random coil in these systems. The absorbance of CR undergoes a red-shift when it is bound to protein secondary structure, but there is no peak shift in the presence of random-coil structure.^[@ref24],[@ref25]^ Therefore, comparing the relative peak shifts of a given CR to ovalbumin ratio in neutral and alkaline systems allows us to determine the relative amount of secondary structure present at each pH. When a system contained 0.2 CR molecules per ovalbumin, such that most CR molecules were bound to a protein, the absorbance peak occurred at 517 nm in neutral pH and 510 nm in alkaline pH, suggesting that there was more secondary structure present in neutral pH ([Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}a,b). When we increased the relative number of CR present per ovalbumin, such that relatively fewer CR would be bound to ovalbumin, the absorbance peak of the dye shifted to shorter wavelengths in both systems. Because we were able to observe a change in both systems, we conclude that there was some secondary structure present in both systems. This shift in wavelength began to saturate at a ratio of about 100 CR:ovalbumin. In alkaline solution, a complete saturation was observed, while, in neutral solution, the rate of peak shift markedly decreased, but the shift continued to a concentration ratio of ∼1000, similarly suggesting that there was somewhat more secondary structure present in the neutral system ([Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}c). In neutral solution, the peak shifted from 517 to 485 nm (change of −32 nm), while in alkaline solution the peak shifted from 510 to 483 nm (change of −27 nm); the greater magnitude of the peak shift in neutral solution also suggests that more secondary structure was present compared to alkaline solution, while the presence of a peak shift in both systems again suggests that secondary structure is present in both systems. In both systems, when the molar ratio of CR to ovalbumin was less than 100, the position of the CR absorption peak decreased linearly with the log of the molar ratio CR:ovalbumin. In neutral solution, this rate was −10.6, and in alkaline solution the rate was −11.6 nm per ten-fold change in concentration ratio.

![Surface area of folded regions of ovalbumin (Ova) estimated by Congo red (CR) binding assay. (a) Visible absorbance of CR over a range of CR:ovalbumin concentration from 0.8 to 27, neutral pH. CR bound to ovalbumin secondary structure absorbs at a longer wavelength than CR free in solution, so as ovalbumin is added to the solution relative to CR, thereby increasing opportunities for CR to bind ovalbumin, the overall absorption of the system shifts to the right. (b) Same as part a, but in 0.5 M NaOH with the CR:Ova concentration from 0.8 to 14. A similar peak shift, of a smaller overall magnitude, was observed at high pH. (c) CR absorbance peak as a function of CR:Ova concentration ratio. Blue symbols label CR:Ova at neutral pH, and red symbols label CR:Ova in high pH consistent with pidan formation. (d) Calculated number of CR bound to one ovalbumin monomer as a function of CR:Ova concentration ratios for both neural pH (blue) and high pH (red). Because CR only binds to secondary structure but not random coil, this assay allows us to estimate the surface area of secondary structure in the native protein compared to that of the conformation found in pidan. The results suggest that the pidan conformation consists of some secondary structure, and that the surface area of secondary structure is roughly 60% that of the native conformation.](oc-2018-00187f_0006){#fig6}

We used these data in combination with the definition of the binding constant to estimate the number of CR molecules bound to an ovalbumin molecule in a given state, and thereby estimate the surface area of secondary structure present in each system. As the number of CR per ovalbumin increased from 0.4 to 100, the average number bound to an ovalbumin increased from 0.4 to 10 in the neutral system, and 0.4 to 6 in the alkaline system ([Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}d). Therefore, if we assume that the number of CR molecules bound to the protein is proportional to the surface area of protein secondary structure, then there is about 40% less secondary structure surface area in the high-base condition compared to neutral pH. These results are not consistent with the complete loss of protein structure in the alkaline system.

Temperature Dependence and the Structure Factor of Squid Lens and Pidan {#sec2.7}
-----------------------------------------------------------------------

We compared the structure of pidan to that of the previously described protein gels in squid lens. The SAXS pattern of pidan and the outer, most sparse layer (100% layer) of the squid eye lens were similar ([Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}a). At *q* \< 0.03 Å^--1^, *I*(*q*) decreased slowly until a shoulder between 0.03 \< *q* \< 0.2 Å^--1^, corresponding to the size of a single protein in both systems.

![Hypothetical structural origins of patchy thermodynamics in S-Crystallin and pidan proteins. (a) *I*(*q*) from SAXS for pidan (red dashed line) and boiled egg white (green dashed line, this study), and squid lens at 10 °C (red solid line) and 90 °C (green solid line, lens data from ref ([@ref2])). In both the squid and the egg system, the slope at low values of *q* becomes sharper upon heating to near-boiling, while the overall shape of the curve does not change at high values of *q*. (b) Structure factors of pidan (blue curve) and squid lens (red curve), normalized to the diameter of an individual monomer (σ). Both structure factors show a peak at the diameter of the protein (2π/σ), indicating frequent pairwise interactions; a minimum at π/σ, consistent with reduced density fluctuation at distances of a few σ, and a log−log slope of ∼−2.5 at *q* ≤ 0.5π/σ. Insets show predicted structures of squid S-Crystallin proteins, and ovalbumin in the high-base state that induces patchy-particle thermodynamics. Our hypothesis about the regions of protein structure responsible in both systems for hard-sphere interaction is shown in green, and the regions inferred to be responsible for patchy attractive interactions are shown in yellow.](oc-2018-00187f_0007){#fig7}

We also compared the structure of boiled egg and squid lens heated to 90 °C; these materials were also similar to each other. Their SAXS intensities showed a sharp decrease at low *q*, with the slope of −2.3 in the log--log plot, greater than that of pidan and squid lens at 10 °C ([Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}a).

We also analyzed these SAXS data as a function of wave vector normalized to the diameter of the single proteins in a given system, or σ (σ = 30 Å for pidan monomers and σ = 40 Å for lens proteins) ([Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}b). At a large spatial scale with *qσ* \< 2, there was a decrease in the intensity, which was sharper in the lens layers than pidan. In the intermediate range where 2 \< *qσ* \< 6, there was a trough in both cases. For pidan, the minimum was at one-third the intensity of the nearby plateau. In contrast, the lens minimum was 20 times smaller compared to the peak at *q* = 0.13 Å^--1^. At *qσ* = 6, there was a peak at the real size position of protein--protein interaction for both cases.

Intrinsic Disorder of Ovalbumin in High pH {#sec2.8}
------------------------------------------

It is possible to assay the tendency to folded order vs intrinsic disorder in a protein by comparing the average mean hydropathy of residues to their average mean charge. In this space, there is a sharp boundary between order and disorder described by the line ⟨*R*⟩ = 2.785⟨*H*⟩ -- 1.151, where ⟨*R*⟩ and ⟨*H*⟩ are the mean hydrophobicity and the mean net charge, respectively.^[@ref26]^ To better understand the order--disorder transition upon gelation of ovalbumin, we analyzed the ovalbumin sequence using an 11-amino-acid sliding window, and calculated the displacement within this order--disorder space for each calculation. We found that the whole-sequence location of ovalbumin shifted from the ordered side of this space to the disordered side when the pH shifted from neutral to pH 12 where gelation begins ([Figure [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"}). However, when we analyzed the regions of the sequence responsible for this shift, we found the shift toward intrinsic disorder was concentrated in the region from the N-terminus to around position 130 in the sequence (windows describing positions 39--42, 79--88, and 91--130 shifted to the disordered region of the space). This region of the sequence primarily forms the non-β-sheet regions of the protein, corroborating our hypothesis that most of the structure other than the β-sheet regions unfolds in the gel-forming structure of the protein that forms at high pH ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}). The tyrosine residue that could remain unoxidized at high pH is located at the interface between the β-sheet region and the region that is prone to disorder during gelation, suggesting that its remaining protected from oxidation is necessary for ordered and disordered regions of the protein to maintain structural integrity with respect to each other. Our results above show that gelation is no longer possible once that final tyrosine is oxidized, suggesting that the ordered and intrinsically disordered regions lose structural coherence, shifting the system into a regime of polymeric random-coil-like interactions rather than patchy-colloidal interactions. Similarly, the "loop" regions of S-Crystallins that are responsible for the linkages in patchy-colloidal assembly are located in the disordered region of this space, while the "body" regions of the same proteins are located well within the ordered region of the space ([Figure [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"}).

![Protein order vs intrinsic disorder is determined by the location of a sequence within the space describing average net charge of a residue vs average normalized hydrophobicity of a residue in a protein. The yellow star shows the location of the entire ovalbumin sequence at pH 12; the green star shows the location of ovalbumin at pH 7. Yellow dots represent a single 11-residue window of ovalbumin at pH 12, while green dots represent the same windows at pH 7. The high-pH ovalbumin is predicted to be in the disordered region. The S-Crystallin loop structure (empty dots) and the rest (gray dots) are also plotted. The loops are mostly locating at the disordered region, whereas the rest of the S-Crystallin form a line in the ordered region.](oc-2018-00187f_0008){#fig8}

Discussion {#sec3}
==========

Pidan as a Gelled Protein Network {#sec3.1}
---------------------------------

We observed the formation of transparent gels when both raw eggs and solutions of pure ovalbumin protein were treated with strong base such that the pH of the system was \>12.3. Therefore, in both the whole-egg pidan and the gels of purified protein, the constituent proteins form a volume-spanning structure with minimal density fluctuation at the scale of visible wavelengths of light (∼400--800 nm, or 100s of protein diameters). In contrast, when the same concentration of ovalbumin protein was treated with a similar concentration of strong acid, an opaque, white gel resulted, such that the same polymer in acid forms gels characterized by large density fluctuation at visible light length scales.

Since it was possible to dilute this system with additional strong base solution and recover a homogeneous volume-spanning material at the new average density, down to a final volume fraction of 3.3%, these materials must exist in the stable regime of the governing phase diagram. For colloidal materials, the only known phase diagram that predicts this behavior is that of patchy particles, or colloids that simultaneously exhibit anisotropic attractive interactions and a general hard-sphere-like repulsion. Liquid--liquid phase separation occurred when the ovalbumin protein packing fraction was lower than 3.3%. When this result is placed in the context of the patchy-colloid phase diagram, we estimate that the average coordinate number ⟨*M*⟩ of the constituent pidan protein is ∼2.2. We did this by inferring that, after phase separation, the denser of the two resulting materials must re-equilibrate immediately to the right of the spinodal line that governs the total system, and interpolating the known spinodal lines accordingly.^[@ref8]^ Since the pidan protein packing fraction is 3.7 times higher than the packing fraction where liquid--liquid phase separation starts to appear for ⟨*M*⟩ = 2.2, the pidan material formed from whole eggs is therefore located outside of the relevant spinodal line in the phase diagram, and is also likely at an equilibrium state. This observation may explain why this transparent gel and traditional food is stable for many years, and also after extensive boiling.

Stable gels (defined as no change after \>24 h on the bench) occur spontaneously at the pH at which tyrosine ionization, or α~prot~/α, was ∼90% of the maximum possible given the number of tyrosines in the protein sequence. Therefore, it is likely that as gel formation and protein unfolding occurs, one tyrosine out of 10 total in the protein remains protected within residual secondary structure. This in turn suggests that the one tyrosine that is especially stable in the crystal structure and embedded within the core β-sheets of the structure remains buried. This result is consistent with an overall picture in which most of the ovalbumin structure unfolds in high-base treatment other than the β-sheet core of the native fold. A CR dye-binding assay also indicates that roughly 60% of the secondary structure surface area of the native fold is still present in the alkaline condition.

These results, together with our SAXS data, may provide some insight into the protein structural origin of the patchy-colloidal behavior, and how this system differs from the opaque materials formed from the same proteins. *I*(*q*) of the pidan and ovalbumin high-base gels had intermediate slopes at low *q* of −0.9 and −1.7, in contrast to the boiled system, where this slope was −2.3. This result implies that pidan and high-base ovalbumin form networks with large-scale structure, but this structure has lower density fluctuation at length scales of 100s of nm than the material that forms when the egg white is boiled.

Pidan Protein Structure {#sec3.2}
-----------------------

How does high-base treatment, but not neutral pH or acid treatment, alter ovalbumin protein structure to form monomeric particles of low average valence (⟨*M*⟩ ∼ 2.2)? The structure factor of pidan shows a peak at *qσ* = 2π, where σ = 3 nm, indicating that the unit particle of the larger gelled protein network is an individual globular protein monomer that has radius of gyration ∼2.5 nm in folded state (<https://www.sasbdb.org/data/SASDAL2>) ([Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}). Simultaneously, the peak at *q* ∼ 0.25 Å^--1^, indicating structure internal to a monomer, is diminished relative to the measurement of the system at neutral pH, suggesting that the high-base treatment induces at least partial loss of protein secondary structure. Previous work on this system using circular dichroism (CD) to characterize protein structure has suggested that the proteins in pidan may be completely unfolded.^[@ref19]^ However, CD is not especially sensitive to distinguishing random-coil structure alone from mixtures of random-coil and β-sheet structure. Our CR binding assay, in which a dye absorbance peak shift still occurs in the high-base treatment (consistent with the presence of some secondary structure), combined with the SAXS result that there is a particle the size of a monomer present, suggests that the loss of ovalbumin secondary structure is partial rather than complete in pidan. Our experiment calculating α~prot~/α, indicative of the fraction of tyrosines exposed to solvent, may allow us to infer a bit more about the nature of this structural change.

Given our result that, as pidan gels form, one of 10 tyrosines in the protein sequence remains buried from solvent, we were able to predict which tyrosine may contribute to the folded state. The average b-factor of atoms in tyrosines in the structure was 25.1; however, the most N-terminal tyrosine had an average atomic b-factor of 10.6, or more than a standard deviation less than the residue average in the protein. This tyrosine is located near the core of the protein, at the end of the first β-strand in the structure and near the hinge between the two regions of β-sheet. Our data taken together make it possible to make a low-resolution estimate of the protein structure within the pidan gel network. Together, the data generate a picture in which high-base treatment induces a partial loss of ovalbumin secondary structure by disrupting some of the α-helical structures, but leaving intact most of the β-sheet core, including one tyrosine of the original protein fold.

In order to understand how a partial unfolding of the ovalbumin structure gives rise to specific patchy interactions, we studied the intrinsic disorder of the sequence as a function of sequence position; ultimately the disorder of a region of protein can be predicted by its position in a space comparing net charge per residue to net hydrophobicity per residue. We found that, given the changes in charge and hydrophobicity that occur in a high-base environment, the overall position of ovalbumin in this space shifts from the ordered to the disordered region of the space ([Figure [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"}). However, the regions of the protein responsible for this shift were concentrated in the N-terminal region of the protein sequence, which gives rise to most of the α-helical structure of the folded protein. Therefore, the novel attractive interactions that emerge and cause gelation are correlated with the introduction of intrinsic disorder into the N-terminal half of the protein sequence and structure.

There are similarities between our observations about low-valence ovalbumin structure and the structure of the protein patchy particles (S-Crystallins) we recently described in squid lens. In the low-valence squid lens proteins/particles, we showed that a pair of unstructured loops protrudes from the spherical, globular region particle. Pairwise interactions between these random-coil loops constitute the low-valence patch--patch interactions in this system, while the high charge on the folded, globular region of the protein apparently forms the hard-sphere aspect required by patchy colloid theory.^[@ref2]^ In the ovalbumin particles that form pidan gels, there are similarly unstructured regions, and a high net surface charge, relative to the same proteins at neutral pH. We speculate that, like in the squid lens, the low-valence patch--patch interactions in pidan gels form via polar linkages between unfolded regions of the protein, while the stable β-sheet structure gives rise to the charged, hard-sphere region required by the theory.

Our data do not allow us to specify exactly how the introduction of partial intrinsic disorder to the ovalbumin structure at high pH structurally encodes the angularly small attractive interactions required to generate the gelation behaviors we observe. However, it will be possible in the future to test two structural hypotheses. In the first, there are two distinct coils that form from the intrinsically disordered region, perhaps resulting from the unfolding of two regions connecting two β-strands into random coil. In this hypothesis, there are two disordered loops that directly form two distinct linkages for attractive interactions, directly analogous to the structural origin of low-valence interactions in the S-Crystallin system. In a second structural hypothesis, the unfolding of the protein on one end could generate a Janus-like particle able to undergo nonspecific attractive interactions with the still-ordered regions of a neighboring particle. In either hypothesis, higher-valence interactions could still be formed from less-frequent nonspecific polar or hydrophobic interactions between protein surfaces.

Previous work showed that ovalbumin heated to 80 °C forms opaque gels (similar to our boiled egg experiment); however, if the protein is covalently decorated with succinic acid first, heating the system to 80 °C results in a transparent gel.^[@ref27]^ Succinylation of ovalbumin also induces a stable, partially unfolded ovalbumin structure with double the aspect ratio of the folded protein,^[@ref28]^ consistent with our observation of partial unfolding and a high aspect ratio in high-base treatment.^[@ref29]^ Given that the particles that form transparent gels are more rodlike than globular, these uncoiled regions seem to be located on either end of the β-sheet structure, forming a rodlike particle with sticky ends. We speculate that the degree of disorder in these random-coil loops and their interactions may be important for a system to exhibit patchy-colloidal thermodynamics rather than crystallization or uncontrolled filament or amyloid formation.^[@ref30],[@ref31]^ Since SAXS data suggest that ovalbumin proteins apparently do completely unfold in the boiled egg case (the shoulder in *I*(*q*) at the *D*-spacing of the monomer diameter disappears), and then form a higher average valence network, the effective ⟨*M*⟩ of these protein systems may be related to the degree of protein unfolding present. That is, partial unfolding seems to lead to low-valence behavior, while total unfolding leads to high-valence behavior of the same protein polymer. Similarly, at lower temperatures, the oxidation of the final tyrosine in the ovalbumin sequence causes a loss of the ability to gel, also suggesting that unfolding into near-random-coil results in a loss of the anisotropic interactions required for equilibrium gelation.

High surface charge also seems to be important for achieving patchy rather than isotropic interactions in both systems (high protein surface charge occurs at physiological pH for S-Crystallins and high pH for pidan). The surface charge of the low-valence S-Crystallins is around +8, while the total charge of ovalbumin at pH 12 is estimated to be −56 (<http://protcalc.sourceforge.net>). We speculate that this similar, high surface charge generates the repulsive, hard-sphere-like interaction between the folded regions of the protein, which is required for "patchy" thermodynamics and prevents random attractive aggregation.

DNA-nanostars have also been used as an experimental realization of patchy thermodynamics.^[@ref5],[@ref32]−[@ref35]^ A typical DNA-nanostar molecule has hydrodynamic radius ∼4.5--4.7 nm, similar to the size of ovalbumin and S-Crystallin protein. The valences of these DNA-nanostar systems can be engineered to be 3 or 4,^[@ref5]^ higher than the predicted pidan ⟨*M*⟩ of 2.2, or the minimum observed in the squid lens of 2.1. The multivalence DNA-nanostars form equilibrium gels at room temperature^[@ref33],[@ref36]^ and can avoid crystallization,^[@ref35]^ both of which are similar to the protein systems. However, in contrast to the two protein-based systems outlined here, the DNA-nanostar system showed liquid--liquid phase separation at low temperature (\<10 °C for *M* = 4), while, at high temperature (\>65 °C), double-stranded regions of DNA denature into single strands, fundamentally changing the nature of the particle.^[@ref5]^ Also, the reported DNA-nanostar systems are volume-spanning over very small volumes (50 μL^[@ref5],[@ref36]^) compared to pidan (∼50 mL for a duck egg), and pidan gel is stable while boiling.^[@ref19]^ Given that it is potentially more cost-effective to generate gram-scale quantities of proteins via expression than gram-scale quantities of engineered DNA via synthesis, proteins may provide advantages over DNA-based systems as attempts to engineer nanoscale self-assembled systems move forward.

The similarities between all these protein systems, and their differences from chemically simpler DNA systems, suggests that, in order to make nanoparticles into low-valence patchy networks, it is important to control the degree of partial unfolding of the protein polymer, and thereby control the relative amount of random coil relative to the surface area of a hard-core-like region of folded protein. High surface charge of the folded region may in turn enforce hard-sphere-like interactions between the central bodies of the particles. These structural states of controlled random coil and high surface charge are less accessible in DNA-based systems made of polymers of four, uncharged chemical bases. It is also possible for low-valence proteins to be stable past the boiling point of water, while DNA melts at around 60 °C. The greater chemical complexity of 20 amino acids in a polymer may then be required for achieving true volume-spanning materials of controlled valence that have not so far been accessed using a DNA strategy. The similarities between two disparate protein systems able to form low-density equilibrium gels suggest that a generalized strategy for achieving these self-assembling materials is to generate regions of polar disorder in the number and geometry of desired attractive patches, and to maintain a high, uniform surface charge throughout other regions of the protein to generate hard-sphere-like repulsion there. In the case of pidan and ovalbumin, this structure occurs at pH 12, while, in the case of the squid lens, proteins exhibit these structural properties at physiological pH. These insights may help with the rational design of proteins and nanoparticles for volume-spanning self-assembly. By lowering ⟨*M*⟩ of the protein system via either partial unfolding or the introduction of hydrophilic, disordered loops, it may be possible to design nanoscaled systems that avoid liquid--liquid phase separation at any concentration.

Materials and Methods {#sec4}
=====================

Chinese Century Egg Preparation {#sec4.1}
-------------------------------

Traditional Chinese century eggs (pidan) are made from duck eggs. We used quail eggs in our experiment because the volume is smaller to allow many more discrete samples with the same amount of reagent, while the protein composition is similar. Raw quail eggs purchased from a local Asian supermarket were treated as follows to make pidan. These intact quail eggs were soaked in a solution of excess 0.9 M sodium hydroxide (Sigma-Aldrich ACS reagent, \>97.0% pellets, PO 221465) and 0.5 M sodium chloride (Sigma-Aldrich SLBB9000V). We also prepared eggs in 0.9 M sodium hydroxide alone. After two days of this high-base treatment, we rinsed the eggshells, discarded any broken eggs, and replaced the high-base solution with fresh solution. After 13--16 days at room temperature, the eggs were removed from the solution and stored in airtight containers at 4 °C for future use. A new egg was peeled right before each experiment described below. In this work, no unexpected or unusually high safety hazards were encountered.

Ovalbumin Solution and Ovalbumin Gel {#sec4.2}
------------------------------------

To study the gelation of purified ovalbumin protein, 25 mg of ovalbumin was dissolved into a series of 250--390 μL of deionized water. To this solution another 10--150 μL of 2 M NaOH was added such that the total volume of each sample was 400 μL. The ovalbumin final concentration was fixed at 62 mg/mL, but the concentration of NaOH varied from 0.05 to 0.75 M. We also made a similar set of samples but with strong acid instead of strong base: protein water solution was made by dissolving 125 mg of ovalbumin into 1.5 mL of deionized water, and then 0.5 mL of 1 M HCl solution for a final concentration of 62 mg/mL ovalbumin and 0.25 M HCl.

To prepare ovalbumin solutions/gels for spectral measurements and SAXS experiments, the ovalbumin proteins were first dissolved into PBS (100 tablets, MP Biomedicals, catalog no. 2810305) with the ovalbumin concentration of 85 mg/mL; then the solution was centrifuged at 14 800*g* at 10 °C for 10 min, and the pellet was discarded. For ovalbumin solutions at high pH, 0.5 M NaOH (Sigma Aldrich PO 306576-25G) was added 1:3 and mixed with the protein solution. The protein concentrations were determined using a UV--vis spectrophotometer (NanoDrop2000). The ovalbumin used in this paper was either Sigma-Aldrich, lyophilized powder, ≥98%, agarose gel electrophoresis, PO A5503-10G); or Sigma-Aldrich, powder, 62--88%, agarose gel electrophoresis, PO A5253-250G.

Phase Behavior of Diluted Pidan Tissues {#sec4.3}
---------------------------------------

Pidan material was homogenized in NaOH solution (pH = 12.90) with different pidan weight percentages. The solutions were then centrifuged at 14800*g* at 10 °C for 10 min. After centrifugation, some solutions have liquid--liquid phase separation, and the volumes of sparse phase solutions were measured using a pipet. The weights of egg protein in both dense and spare phase were measured after lyophilization overnight with the weight of NaOH subtracted. The packing fractions of the egg protein at different solutions were estimated using the density of an ovalbumin protein (45 kDa, volume = 7 × 2 × 4 nm).

SAXS {#sec4.4}
----

Small-angle X-ray scattering (SAXS) measurements were performed both at the University of Pennsylvania (Penn) and the X9 beam line of National Synchrotron Light Source (NSLS) at Brookhaven National Laboratory (BNL).

Measurements at Penn use a rotating-anode system with Cu Kα radiation (λ = 1.542 Å) from a Bruker-Nonius FR591 generator operated at 3.4 kW. Collimation was performed using circular pinholes and Osmic Max-Flux confocal optics. The scattered X-rays were collected using a Bruker Hi-Star area detector. Data were collected at sample--detector distances of 54 and 150 cm, and the data merged to create a single profile over the range *q* ∈ \[0.008, 0.35\] Å^--1^. To minimize background, an integral vacuum with a pressure of \< 0.3 mbar was maintained along the entire flight path. The sample temperature was either at room temperature or maintained at 10 °C by a TMS 94 and LNP 94/2 temperature control unit (Linkam Scientific Instruments Ltd., Waterfield, Tadworth, United Kingdom).

The measurements at the NSLS were made at an incident X-ray energy of 8.00 keV. These measurements were done in air due to constraints of the sample holder geometry. Each measurement was made at a single sample position with a MAR-CCD detector at the wave vector range of *q* ∈ \[0.08, 1\] Å^--1^.

All sample tissues were mounted in custom-built O-ring-sealed sample holders with clear ruby mica windows (7.5 and 12 mm in diameter, Attwater Group, Preston, England). Raw egg white liquid was loaded to completely fill in the sample chamber (approximately 45 μL) using a glass pipet so that there were no air bubbles observed. The sample chambers were carefully sealed to prevent leakage in the vacuum of the sample chamber, and no leaks were observed during the scans.

On the Penn apparatus, exposure times for each angle range were 30 min for raw egg, pidan, and boiled egg, and 4 h for ovalbumin solutions and gels. At NSLS, exposure times were 2--4 min for all experiments. We did not observe time dependence in the scattering patterns for any sample. Primary data reduction was performed using a field-specific software Datasqueeze (<https://www.sas.upenn.edu/~heiney/html-physics/datasqueeze/index.html>).

We performed buffer subtraction from the solution samples as follows: for ovalbumin solutions measured at Penn, the scattering intensities were first normalized to the product of *I*(*q* = 0) and exposure time, and then a buffer subtraction was performed. For the wide-angle data taken at BNL, the normalization was performed based on a background peak at *q* = 0.39 Å^--1^ with the width of 0.04 Å^--1^. A linear regression was performed by fitting the scattering from the buffer using the scattering from the ovalbumin solution. The coefficients were used to adjust the relative position of these two sets of data, and then the buffer signal was subtracted from the solution intensity. Finally, the buffer subtracted intensity was vertically adjusted by subtracting the minimum of this intensity to avoid producing negative intensities.

Form Factor and Structure Factor {#sec4.5}
--------------------------------

The calculated form factors of ovalbumin, β-sheet structure from ovalbumin, and S-Crystallin were estimated using the FOXS online server (<https://modbase.compbio.ucsf.edu/foxs/>). This calculation used the atom positions of the protein and the Debye formula as follows:

Here, *f*~*i*~(*q*) (*f*~*j*~(*q*)) is the form factor of the *i*^th^ (*j*^th^) atom, which is approximated by the number of electrons in the atom. The variable *d* is the pair distance between atom *i* and *j*. The protein structure of the ovalbumin (1OVA) was obtained from the Protein Data Bank ([doi.org/10.2210/pdb1ova/pdb](doi.org/10.2210/pdb1ova/pdb)).^[@ref22]^ The β-sheet structure was obtained by manually selecting the atoms in the ovalbumin that corresponds to the β-sheet structure. The form factor of the squid eye lens was averaged over the compositions of S-Crystallins, as described by Cai and colleagues.^[@ref2]^ Then, the structure factor of the ovalbumin at high pH was determined by dividing the scattering intensity as a function of angle by this form factor. The structure factor of pidan was calculated from pidan SAXS intensity divided by the raw quail egg SAXS intensity because little interaction was observed between the proteins in the raw quail egg white in our SAXS data.

DAMMIF {#sec4.6}
------

The most likely real-space configuration of amino acids consistent with the SAXS result was obtained using DAMMIF.^[@ref37]^ Here we used GNOM^[@ref38]^ program parameters of nonzero condition at *r* = rmin and nonzero condition at *r* = rmax, with rmax = 70 Å. For DAMMIF, we used a simulation sphere diameter of 70 Å and particle diameter 3.2 Å, consistent with a single spherical particle representing a single amino-acid residue. No symmetry was presumed, we used the setting consistent with unknown particle anisometry, and all other settings were set to the program defaults.

UV Absorption at Various Alkaline pH Values {#sec4.7}
-------------------------------------------

The structural change of ovalbumin at high pH was studied using the UV absorption of proteins dissolved at various pH solutions. Ovalbumin was diluted in 20 mM Tris-HCl with 50 mM sodium chloride solution to a final concentration of 3 mg/mL. Various amounts of NaOH were added, and the final pH of these solutions ranged from 10.7 to 13.8. The UV--vis absorption was measured using a NanoDrop spectrophotometer (NanoDrop2000, ThermoFisher Scientific). Because the absorbance at 250 nm depends on the average ionization state of tyrosine, and the red-shift of the ∼280 nm peak shift is due to the ionization of the phenolic hydrogen, we estimated the degree of tyrosine residue exposure (α~*prop*~/α) at the protein surface using the absorbance at 250 and 278 nm following the method described by Melo and colleagues.^[@ref23]^

Congo Red Binding Experiment {#sec4.8}
----------------------------

We prepared a series of dilutions of purified ovalbumin protein (Sigma-Aldrich A5503-10G) in both neutral (phosphate-buffered saline, pH 7.4) and alkaline (0.5 M NaOH, pH 13.7) solution. To remove any particulates, the solutions were centrifuged at 14.8K*g* at 10 °C for 10 min; little precipitate was observed, and we isolated the supernatant by pipetting. A 300 μM stock solution of the dye Congo red (CR, Sigma Aldrich C6277-25G) was also prepared in PBS and similarly centrifuged at 14.8K*g* for 10 min with the supernatant isolated by pipetting. We then performed two sets of serial 2-fold dilutions of this CR stock solution using the neutral and alkaline ovalbumin solutions. This procedure had the effect of reducing the number of CR molecules relative to a fixed number of ovalbumin molecules in a fixed volume. In this dilution series, the ovalbumin concentration was fixed at 22.2 μM, while the CR concentration decreased in 2-fold steps from 300 to 4.69 μM, such that the molar ratio of CR to ovalbumin decreased from 13.5 to 0.21. We prepared another two sets of 2-fold dilutions in which we held the concentration of CR fixed while decreasing the concentration of either neutral or alkaline ovalbumin, all in a fixed volume. In this second dilution series, the CR concentration was fixed at 300 μM, and ovalbumin concentration decreased from 22.2 to 0.04 μM, such that the molar ratio of CR to ovalbumin increased from 13.5 to 6912.

The UV--vis absorbance of these solutions was similarly measured using a NanoDrop spectrophotometer (NanoDrop2000, ThermoFisher Scientific). In neutral solution without protein, CR has a strong absorbance peak at 484 nm. However, when CR interacts with protein secondary structure, this absorbance peak shifts to longer wavelengths.^[@ref24]^ Notably, there seems to be little or no structured interaction of CR with random-coil protein structure.^[@ref25]^ We systematically located the peak in each absorbance assay using the MATLAB Gaussian fit function *cftool*. Because ovalbumin has a second, fixed absorbance peak in the UV between 330 and 340 nm, we used this algorithm to fit the two Gaussian peaks of each spectrum, one between 330 and 340 and the second between 400 and 600 nm, with no other constraints.

Next, we inferred the average number of CR molecules bound to each ovalbumin molecule using the following logic. In this section, all concentrations are in the unit of μM. When the CR concentration is low compared to the ovalbumin concentration, we assumed that the binding of a single CR to ovalbumin will not influence the binding of other molecules of CR to ovalbumin. Therefore, the chemical reaction will be:where O is unbound ovalbumin, CR is unbound Congo red, and OCR is Congo red bound to ovalbumin.

The equilibrium constant for this reaction is thenwhere \[*C*~b~\]~f~ is the concentration of bonded CR at the final state, and \[*C*~ub~\] is the concentration of unbonded CR at the final state. The concentration *O* can then be estimated using the initial ovalbumin concentration, \[*O*\]~i~, and the concentration of the bound CR (\[*C*~b~\]~f~) usingwhere *B* is the average number of CR binding to an ovalbumin. The ratio of the number of bound CR (\[*C*~b~\]) to the total number of CR (\[*C*~b~\] + \[*C*~ub~\]) present can then be estimated using the peak shift from the absorption measurement:^[@ref31]^

Therefore, the number of CR bound to each ovalbumin can be estimated as

Given this logic, we then performed a manual numeric fit to find reasonable values for the binding constant *K* by minimizing the number of binding events in the system while avoiding negative values of the CR to ovalbumin ratio. A value of *K* less than 0.6 μM^--1^ resulted in negative values of CR to ovalbumin ratio, while a value of *K* greater than 5 μM^--1^ resulted in saturation of the number of CR bound to a given ovalbumin. We therefore estimate *K* to be approximately 3 μM^--1^.

Protein Order vs Disorder {#sec4.9}
-------------------------

To predict whether protein regions were ordered or disordered, we calculated the net charge and the hydrophobicity following the method described by Uversky and colleagues.^[@ref26]^ We used ovalbumin amino acid (a.a) sequence from chain A (protein data bank, 1OVA), and 19 previously characterized of S-Crystallin sequences from *L. opalescens*.^[@ref39]^ To predict residue charges in high pH, we determined the likely charge given the p*K*~a~ of the side chains at both neutral pH and pH = 12. We used the Kyte--Doolittle hydropathy scale, normalized from 0 to 1, as described by Uversky and colleagues.^[@ref26],[@ref40]^ Since hydropathy is a function of aliphatic surface area, hydropathy values will not fundamentally shift at high pH, unless the overall charge of a residue changes. Residues that were predicted to gain a charge at high pH were assigned a hydropathy value of −3.72, or the mean hydropathy of the charged amino acids at neutral pH. For ovalbumin, moving averages with window size 11 were calculated for both the net charge per residue and hydropathy per residue. S-Crystallin sequences were divided into "loop" residues and "body" residues by determining the boundaries of the third exon that encodes the "loop" or disordered region responsible for low-valence linkages.^[@ref2],[@ref41]^ At both neutral and high pH, the average distances from each amino acid to the order--disorder separation line were calculated either in an 11-residue moving window for ovalbumin, or for the loop vs body domains for S-Crystallins.

Squid Species and Dissection {#sec4.10}
----------------------------

Specimens of the squid *Doryteuthis pealeii* were obtained from the Marine Biological Laboratory at Woods Hole, MA. Lenses were excised from the suspending tissue and either used fresh or stored at −80 °C either alone for use in SAXS. Before each experiment, a lens was peeled into four concentric layers, and the outermost layer, whose outermost edge was at 100% of the total radius, was used in the temperature dependence SAXS measurement. The SAXS experimental details of the squid lens follow the method by Cai and colleagues.^[@ref2]^
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